Abstract-We examine an enhancement metric for characterizing light trapping in single-junction solar cells by comparing the measured quantum efficiency spectrum and the theoretical absorptance spectrum based on ergodic light scattering. This ideal enhancement is 4n 2 , where n is the refractive index of the absorber layer. Using a uniform procedure, we have determined the effective enhancement from published results for many single-junction nanocrystalline, polycrystalline, and monocrystalline silicon cells, as well as for thin-film cadmium telluride (CdTe)-based cells. The largest effective enhancements were 33 for monocrystalline Si, 25 for nanocrystalline Si, and 10 for CdTe. The 4n 2 benchmarks are about 50 for Si and 36 for CdTe; for CdTe, 4n 2 light trapping adds about 1 mA/cm 2 to the photocurrent density of a 3-μm cell. We propose a procedure that separates the effects of parasitic absorption from incomplete scattering in determining the enhancement and show that the champion enhancement of 33 for silicon was mostly limited by parasitic absorption and not by inadequate scattering.
I. INTRODUCTION

L
IGHT trapping is a well-known strategy for increasing the absorption of sunlight by a solar cell. It works by scattering the incident photons so that they become trapped inside the cell by total internal reflection. The longer residence time for a trapped photon compared with the time for direct passage through the cell increases the quantum efficiency for generating an electron-hole pair and thereby increases the cell's photocurrent and often its conversion efficiency.
While light trapping has been investigated for decades, there is no well-established metric for assessing its effectiveness. The short-circuit photocurrent density J SC under solar illumination is the most closely related figure, but it depends strongly on a cell's absorber layer thickness and reflects other aspects of photon management such as short wavelength absorption in the doped layers of the cell. Another common approach to assessing a light-trapping technology is to compare J SC 's or external quantum efficiency (EQE) spectra of an experimental cell with those of a baseline cell made under similar conditions. Because this uses a baseline that is internal to a particular laboratory or process, the approach makes it difficult to compare results from different laboratories.
In this paper, we examine a metric based on an ideal light trapping, which is the "classical" 4n 2 value for absorptance enhancement by scattering into a semiconductor layer with an ideal backreflector and antireflection coating. n is the index of refraction of the cell's absorbing layer [1] . For silicon, 4n 2 is about 50; therefore, a weakly absorbed photon can reside inside the film 50 times longer than it takes to cross the film. With some refinement, the 4n 2 enhancement can also be used to calculate absorptance and quantum efficiency spectra that apply at wavelengths, where the trapped photons are mostly absorbed by the film. This has been done for Fig. 1 , where we show the photocurrent densities in ideal monocrystalline cells of varying thickness calculated with and without light trapping, along with the Shockley-Queisser result assuming full collection of all photons with energies larger than the 295 K bandgap (1.12 eV for c-Si, 1.50 eV for c-CdTe [2] ). The trapping calculations use measured absorption coefficients and integrate the product of the resulting absorptance spectra and a standard solar photon flux.
The significance of light trapping in silicon solar cells is well established. As Fig. 1 and its predecessors from earlier authors show, thin-film silicon cells of a few micrometers thickness can, in principle, increase their photocurrent densities by about 10 mA/cm 2 with ideal light trapping. This is essentially a consequence of the fact that silicon is an indirect bandgap semiconductor with an absorption coefficient that rises slowly with photon energy. For CdTe, which is a direct bandgap semiconductor, the improvements are more modest. Fig. 1 indicates that an improvement of 1 mA/cm 2 may be possible. It is curious that the nominal Shockley-Queisser value is noticeably lower than calculations based on the actual absorption coefficients, which presumably reflects the photocurrent contributions from excitons. CdTe may be a material in which a "photovoltaic" bandgap should replace the conventional bandgap [3] for the SQ calculation.
Actual solar cells approach the 4n 2 ideal to varying degrees, and in this paper, we describe an effective enhancement metric Y calculated from a cell's EQE spectrum. Real cells do not approach the 4n 2 ideal closely, and there are large differences between results from different experiments. However, knowledge of this metric alone does not suggest specific strategies for improving a cell's performance. When hemispherical reflectance spectra are available as well as EQE spectra, we propose an extension of the metric that distinguishes parasitic absorption effects from scattering that is insufficient to achieve 4n 2 behavior. The metric then offers a guide for improving a cell, either by improving the texture that scatters light or by reducing parasitic absorption mechanisms.
The metric is calculated at a benchmark wavelength λ b at which the classical 4n 2 -enhanced absorptance would be 50%. This benchmark wavelength depends on the absorption spectrum and thickness of the absorber layer; at this wavelength, the absorptance of a cell with ideal light trapping is maximally sensitive to changes in the enhancement 4n 2 . The wavelength is also short enough that it is relatively unaffected by absorption processes from defects that do not lead to photogeneration of both an electron and a hole. We use the measured EQE at λ b to calculate an effective enhancement factor Y.
We have evaluated these effective enhancements Y for several dozen published quantum efficiency spectra in silicon and cadmium telluride solar cells; they are all well below the 4n 2 value. We chose these materials because they are important and also convenient for achieving a broad overview. The absorption coefficients and refractive indexes vary less than for materials such as dye-sensitized titania or copper indium-gallium diselenide. The results for thick crystalline silicon cells are the closest to classical values; some cells have enhancements of more than 30, which is to be compared with 4n 2 ∼ 50. Thin-film nanocrystalline silicon solar cells have noticeably lower enhancements, the largest being about 25. For thin-film cadmium telluride, enhancements are ten or less, which can be compared with 4n 2 ∼ 35. Because of the very different interband absorption spectrum of a direct bandgap semiconductor, thin-film cadmium telluride cells do not rely as much on light trapping as indirect bandgap silicon cells, but we still find a significant potential for increased photocurrents in the CdTe cells.
The approach we are using neglects the wavelength dependence of photon management effects. However, textures have wavelength-dependent scattering, parasitic absorption by doped layers and conducting oxides is wavelength-dependent, and antireflection coatings and backreflectors have wavelengthdependent reflectances. In the case of CdTe, which is a direct bandgap semiconductor, actual light-trapping effects are confined to a narrow range of wavelengths close to the benchmark wavelength. The EQE at the benchmark wavelength will capture light-trapping effects well, but it does not encompass other aspects of photon management that are important at shorter wavelengths. This includes the antireflection coating performance and the parasitic absorption by the contact layer, which is typically CdS.
For silicon, which is an indirect bandgap semiconductor, the light-trapping region stretches over a substantial range of wavelengths. For a 2.5-μm absorber, the 4n 2 absorptance falls from 0.9 to 0.1 over 300 nm, as we illustrate later. One can envision approaches that average over a wavelength range instead of relying on a single benchmark wavelength. At present, when there is no consensus metric for light trapping, we have preferred a simpler approach. In our own survey of the literature, this approach did capture the light-trapping effects over a broad range of wavelengths. However, sophisticated light-trapping concepts such as periodic texturing could ultimately yield a strong wavelength dependence of light trapping [4] , [5] . It is possible that a more advanced approach integrating over a wavelength range will then be needed.
II. 4n 2 ENHANCEMENT
In 1982, Yablonovitch did a statistical optics calculation of the absorptance A of a thin film with random texturing of its interfaces [1] . For a film with an ideal antireflection coating and back reflector, he predicted that scattering could yield an absorptance enhancement of 4n 2 compared with the absorptance from a single pass of the optical beam through the film; here, n is the index of refraction of the film. The calculation was based on an analogy with thermal equilibrium: Under illumination, all of the electromagnetic modes of the film near a specific optical frequency are assumed to have the same photon occupancy. This assumption has been called "ergodicity" or the "thermodynamic limit."
Yablonovitch's result has several minor limitations: 1) As noted in the original paper, the simple 4n 2 enhancement applies to a film is embedded in air. Encapsulation or use of superstrates reduce the enhancement to 4(n/n s ) 2 , where n S is the refractive index of the encapsulant or substrate. 2) It requires that n
1.
3) It applies to film thicknesses h and wavelengths λ subject to h > λ/n; thinner films need explicit treatment of the waveguide modes of the structure.
The major limitation of the 4n 2 absorptance enhancement is that it applies only for weakly absorbed wavelengths: 4n 2 αh << 1. Under these conditions, the absorptance of the structure with perfect antireflection coatings on both sides is A single = 1 − exp(−α(λ)h) ≈ α(λ)h; therefore, the enhanced value A cl = 4n 2 αh. The wavelength region of greatest interest for solar cell application is when the absorptance of the structure approaches unity. In 1984, Tiedje et al. proposed an extension of the 4n 2 result to accommodate larger absorptances [6] A cl = 4n 2 αh 1 + 4n 2 αh (1) Fig. 2 . Three models for the absorptance spectrum of a 2500-nm thick ncSi:H solar cell, along with a published EQE spectrum [12] . SQ refers to the Shockley-Queisser model with E G = 1.12 eV. Direct absorptance is for a planar structure with an ideal antireflection coating and backreflector. 4n 2 refers to classical light trapping.
where A cl is the benchmark absorptance. The derivation assumes αh < 1, which is less restrictive than the 4n 2 αh 1 that is required for strict 4n 2 absorptance enhancement. Less restricted expressions have been obtained by Luque [7] , Stuart and Hall [8] , Brendel and Scholten [9] , and Schiff [10] . They reduce to (1) in the appropriate limits. An approximate calculation by Deckman et al. [11] gives similar results and is useful with imperfect backreflectors; we discuss it in more detail in Appendix B. It is worth noting that all of these treatments presume that photon absorption in the semiconductor film leads to generation of both an electron and a hole. If the photon energy is below the photovoltaic gap [3] so that a mobile carrier and a trapped carrier are generated by absorption, this would not be true. The benchmark wavelengths emphasized in the present study should be sufficiently short to avoid this issue.
III. SUBCLASSICAL ENHANCEMENTS
We have illustrated three models for the absorptance of a 2.5-μm thin-film silicon solar cell in Fig. 2 . "SQ" refers to the Shockley-Queisser assumption that all photons with energies greater than 1.12 eV (the bandgap of crystalline silicon at 295 K) are absorbed. The "direct absorptance" for a planar structure with a perfect backreflector and front antireflection coating, but without scattering, is also shown, as is the "4n 2" value A cl (1) for structures with scattering. It is interesting that the 4n 2 absorptance is discernibly greater than zero for photon energies less than the bandgap (wavelengths longer than 1100 nm), which is consistent with phonon-assisted absorption processes.
We also show an experimental quantum efficiency spectrum measured on a thin-film nanocrystalline silicon (nc-Si:H) solar cell [12] ; the photocurrent density was 24.1 mA/cm 2 . While the EQE is much larger than expected from direct absorption, it lies significantly below the 4n 2 curve. Using a procedure we describe shortly, we assign an enhancement Y = 27 to this quantum efficiency, which may be compared with the classical enhancement 4n 2 = 50. We define the benchmark wavelength implicitly from the expression which corresponds to a classical absorptance of 0.5
where h is the thickness of the absorber layer of a single-junction cell. The wavelength-dependent index of refraction of this layer n(λ) is used in actual calculations. We argue that this wavelength is a good choice for assessing light trapping. For wavelengths substantially shorter, the absorptance of the cell approaches unity, and light trapping is relatively unimportant to the quantum efficiency. For longer wavelengths, light-trapping is critical, but there is little contribution to the photocurrent density from wavelengths where A cl ≈ 0. These statements can be quantified to some degree by treating the enhancement 4n 2 in (1) as a variable. A small change in the enhancement δ(4n 2 ) leads to an absorptance change δA = αhδ(4n 2 )/(1 + 4n 2 αh) 2 , which reaches its maximum at the benchmark wavelength where 4n 2 αh = 1.
In Fig. 3 , we present our calculations of λ b for monocrystalline Si, nc-Si:H, and monocrystalline CdTe based on published absorption coefficient and refractive index spectra [13] - [17] . The difference in optical properties of indirect and direct gap materials is evident in the stronger dependences of λ b upon thickness in Si compared with CdTe. Absorption coefficient measurements in nc-Si:H are somewhat difficult because of the need to correct for internal optical scattering in the films. The net result is that the absorption coefficient is somewhat larger than for c-Si, but otherwise varied fairly little for one series of samples [14] . For nc-Si:H, we used the index of refraction spectrum of monocrystalline silicon. We used the refractive index spectrum for monocrystalline CdTe [15] . The absorption coefficient was measured from photocurrent spectrum, which includes all the effect that could contribute to photocurrent generation.
We now introduce our definition of the effective enhancement Y based on the EQE measurement at λ b
An EQE measurement of 0.5 at λ b corresponds to perfect classical light trapping, perfect carrier collection, and negligible parasitic absorption in the cell. If the EQE has significant voltage 
μm).
We also show the 4n 2 absorptances A c l (λ) for the three cells and the absorptance spectra A eff calculated using the enhancements Y = 22 (nc-Si:H), 33 (HIT), and 1.9 (CdTe).
dependence, indicating imperfect collection, the EQE spectrum at the largest practicable reverse bias should be used.
In Fig. 4 , we show the application of the method to three cells. The three sets of quantum efficiency measurements indicated by the individual symbols are published results for a c-Si [18] , a nc-Si:H (see [19, Fig. 5]) , and a polycrystalline CdTe [20] cell. The blue curves show the 4n 2 absorptances calculated using (1), the absorber layer thicknesses, and the absorption coefficient measurements for monocrystalline silicon [13] , monocrystalline CdTe [15] , and nc-Si:H [14] . The benchmark wavelengths are where the 4n 2 absorptances are 0.5, as indicated by the dotted line. The effective enhancement is calculated using (3) and the value for the EQE at the benchmark wavelength.
For a 100-μm c-Si cell, the benchmark wavelength is 1110 nm, and the 4n 2 absorptance is just slightly larger than the EQE value; we infer Y = 33, which is as large a value as we have found. For the nc-Si:H film, the EQE measurements are from a 1.0-μm superstrate cell prepared on glass [19] . This thickness is close to the lower limit for applying the classical 4n 2 calculation, since the film supports just four distinct waveguide modes at 925 nm.
For CdTe, we show the measurements of Compaan et al. on a 14% polycrystalline cell. There was no intentional texturing of the interfaces of these cells, and the enhancement Y = 1.9 is minimal. As we discuss further in Appendix A, the absorption coefficients of polycrystalline CdTe materials vary with postdeposition treatments and are generally larger at bandedge wavelengths than for monocrystalline CdTe. Since very few authors report absorption coefficient spectra as well as EQE spectra for their solar cells, we use the benchmark wavelength calculated from the monocrystalline absorption coefficient. This leads to overly large values for the effective enhancement Y . We give one example in Appendix A. Use of the monocrystalline absorption spectrum for a cell yielded Y = 3.4; use of the absorption spectrum for the particular polycrystalline material used in the cell yielded Y = 0.5.
The curves lying underneath these EQE measurements in Fig. 4 correspond to the assumption that a fixed enhancement Y Tables I-III. applies over the entire range of wavelengths; substituting Y for 4n 2 in (1), this corresponds to an absorptance spectrum:
For some mechanisms that reduce Y below 4n 2 , this approach is exact; for example, the 4n 2 factor is reduced by a superstrate or an encapsulant to 4(n/n S ) 2 , where n S is the refractive index of the superstrate/encapsulant. We do not expect that this form should fit QEs in general, but in fact, it typically gives a good approximation in the light-trapping region.
In Fig. 5 , we summarize the enhancements Y that we calculate using the benchmark wavelength from Figs. 2 and 3 . Tables I-III list the corresponding original references, each of which indicated both the absorber layer thickness and an EQE spectrum.
IV. THERMODYNAMIC LIMIT WITH PARASITIC ABSORPTION
Knowledge of the effective enhancement Y does not address the mechanisms that reduce light trapping below its classical 4n 2 value. One possibility is incomplete scattering of the incident sunlight into all of the trapped modes of the cell; a second is parasitic absorption by layers in the cell that do not contribute to a photocurrent. We assume that the third possibility of incomplete photocarrier collection can be neglected. These two classes of mechanisms can be distinguished experimentally to some degree if the total reflectance spectrum of the cell is reported as well as its quantum efficiency spectrum. When the sum of the quantum efficiency and the reflectance at a given wavelength is less than unity, the difference is due to parasitic absorption.
Although most of the publications summarized in Fig. 5 did not include reflectance spectra, they are included in some papers. In this section, we propose an approximate treatment of parasitic absorption that appears to be useful in analyzing combined reflectance and quantum efficiency measurements. In particular, we replace the bulk absorptance term αh in (4) by αh + a p , where a p is an effective parasitic absorptance; we are assuming that, in the absence of parasitic absorption, the cell would have classical light trapping. In Appendix B, we study this "effective absorptance" approximation for the special case of a backreflector with nonunity reflectance, and we compare it with a full thermodynamic limit calculation and with an earlier "single mode" approximation proposed by Deckman et al. [11] .
When parasitic absorption in a cell is incorporated, we distinguish between the total absorptance and the absorptance in the semiconductor layer. Of course, only the semiconductor absorptance contributes to the quantum efficiency. The total and semiconductor absorptances in this approximation are 2 /(1 + 4n 2 a p ). If a p depends weakly on wavelength, it can be measured using the long wavelength reflectance. At long wavelengths, where αh ≈ 0, the total reflectance of the film is
These expressions can be readily generalized to the case where superstrates, encapsulants, etc., reduce the classical lighttrapping enhancement from 4n 2 to 4(n/n s ) 2 , where n s is the index of the overcoated material.
V. DISCUSSION
We do not think it is surprising that many thin silicon films have distinctly subclassical light trapping Y < ∼ 20. In addition to the common use of textured backreflectors with reflectances below unity, the completed cells incorporate transparent conducting oxide films that can be as absorptive in the light-trapping spectral region as the thin film of silicon [49] - [51] . A typical reflectance reported for these cells is 40% at 1100 nm, which means that 60% of the incident light is being absorbed by parasitic processes. Equation (6b) indicates that the effective enhancement Y is reduced from 50 to 20 in this case, which is broadly consistent with the best cells in Fig. 5 .
Even highly optimized monocrystalline solar cells yield about Y = 33, which is still well below 4n 2 . For the 260-μm monocrystalline silicon cell with 24% efficiency reported by Zhao et al., the reflectance was 55% at 1200 nm [52] ; the cell used a pyramidal scattering morphology. Using (6a) and (6b), we estimate Y = 28 (a p = 0.008), which suggests that the cell was close to its thermodynamic limit including parasitic absorption. The fact that the effective-absorptance approximation underestimates Y by about 15% is roughly consistent with the systematic error in the approximation, as we report in Appendix B for a particular parasitic absorption mechanism. A more exact calculation would require a detailed knowledge of the parasitic loss mechanisms that is not generally available, even for these well-optimized cells. [15] and for a polycrystalline sample (p-CdTe) [54] . (Right) Short-circuit current density versus thickness for CdTe cells with classical light trapping based on these absorption coefficients.
Zhao et al. also reported a less-efficient 20% polycrystalline cell with a honeycomb scattering morphology. For this cell, we fitted Y = 17; the cell's reflectance was about 60%, from which we would estimate Y = 30 in the thermodynamic limit. This seems a clear case where the light-trapping structure led to incomplete population of the waveguide modes and a breakdown of thermodynamic limit calculations, as indeed was proposed by the researchers.
Light trapping is not usually mentioned as a component of the design of CdTe cells; as noted earlier, the enhancements in Fig. 5 are overestimated by the use of the monocrystalline absorption coefficient in their calculation. We think it unlikely that real cells reach the minimal enhancement Y = 2 associated with an ideal backreflector and a planar structure. As indicated in Fig. 1 , achieving near-classical enhancement would increase the photocurrent density by about 1 mA/cm 2 .
APPENDIX A MONOCRYSTALLINE AND POLYCRYSTALLINE BENCHMARK WAVELENGTHS
In Fig. 1 , we evaluated the photocurrent density for CdTe cells based on the optical absorption of monocrystalline CdTe from [15] . There have been many measurements of absorption coefficient spectra in polycrystalline CdTe; one remarkable feature is that postdeposition treatments with CdCl 2 , etc., significantly affect the absorption coefficient in the bandedge region (800-850 nm) [16] , [45] , [53] . Here, in Fig. 6 , we show the monocrystalline absorption coefficient spectrum from Mitchell et al. [15] . As an example of polycrystalline CdTe, we show recent results of Hädrich et al. [54] . As is evident, their polycrystalline material has an effective bandedge that is shifted to the red by about 20 nm from monocrystalline CdTe.
In the right panel of the figure, we show the corresponding calculations (cf., Fig. 1 ) for the short-circuit current densities in cells with ideal (4n 2 ) light trapping. For the 3.7-μm cell reported by Hädrich et al., we calculated an effective light-trapping enhancement Y = 3.4 using the monocrystalline absorption coefficient. Using their polycrystalline CdTe absorption coefficient, we calculate = 0.5. It is interesting that this value for Y is so small; we think this indicates substantial parasitic absorption in the cell that does not contribute to the photocurrent. The results also show that the effective light-trapping parameters in Fig. 5 for CdTe may be substantially overestimated. Few investigators provide both EQE and absorption coefficient measurements for their cells; therefore, at present, there seems to be no alternative to using the monocrystalline absorption coefficient for comparisons. It is evident in any case that light trapping is negligible in most, if not all, CdTe cells.
APPENDIX B IMPERFECT BACKREFLECTORS
In this Appendix, we compare three different approaches to treating the thermodynamic limit of light trapping including a backreflector with a nonunity total reflectance 1 − η. The model is not a very accurate description of real solar cells. It neglects angle-dependent reflectance and losses due to conducting oxides, among other issues. Nonetheless, we think it useful for several reasons. The model is fairly well known; Deckman et al. treated the problem using a "single-mode approximation" in 1983 [11] . As we show here, it can now be solved accurately. It, thus, provides a guide to the errors that might be expected in calculating the semiconductor and parasitic absorptances using the single-mode approximation, or in using the empirical approach based on joint reflectance and absorptance measurements, as we have proposed in this paper.
Deckman et al. argued that studying a specific ray traveling inside the semiconductor film at a 30°angle to the plane of the cell was a good approximation to the full average over all of the rays involved in statistical light trapping. Their equation (2) for the absorptance of the semiconductor layer can be written as
Stuart and Hall subsequently developed a formalism that can be used to do the average over all the rays excited in the thermodynamic limit inside the thin-film structure [8] . We first show the form for the absorptance without backreflector losses. We use the amended form proposed by Schiff [10] , whose (4) can be rewritten as
3 is the volume density-of-states for a thick film, where ω is the optical frequency. ρ rad ∼ = 1 − 1 − 1/n 2 ρ tot is the volume density of "radiative modes" inside the film, which correspond to rays traveling sufficiently close to normal to the plane of the film that they escape without internal reflection. The index m refers to the waveguide modes of the film, and R m is the areal density of these modes. Equation (B2) neglects the energy of the evanescent waves above the top interface and in the backreflector as well as the contribution of surface plasmon polaritons at the backreflector [10] .
This expression can be generalized to include an angleindependent reflectance R = 1 − η at the backreflector by substituting α + η/2h cot θ for the absorption coefficient α inside the summation over waveguide modes. As discussed by Adams in his monograph, planar waveguide modes can be characterized by the angle θ between a ray and the plane [55] . The expression assumes unity reflectance at the top interface for trapped rays. We write 
For thick films with many modes ("overmoded"), we can convert the sum to an integral over the modes at different angles to the plane of the film (R m /hρ tot → dθ cos θ). Thus 
Some calculated results are presented as Fig. 7 , where the semiconductor and parasitic absorptances are plotted as a function of the product αh. A backreflector loss η = 0.20 was used, along with 4n 2 = 50, which corresponds to silicon films. The thermodynamic limit calculation then predicts a backreflector absorptance of about 0.66 when the semiconductor absorption is negligible. A typical ray would undergo about three reflections before escaping the film in this picture. We are not aware of a similar calculation with which to compare these results.
The single-mode calculation (see (B1)) of Deckman et al. [11] is also shown. Near 4n 2 αh = 1, which corresponds to the critical wavelength for light trapping, the single-mode approximation underestimates the semiconductor absorptance by about 15%. A difference is more noticeable for larger values of αh.
We also show the effective absorptance results [see (6) ]. For these, we used the parameter a p = 0.038 that was obtained using (6a) and the multimode A p at small values of αh. For 4n 2 αh = 1, the effective absorptance approximation overestimates the semiconductor absorptance by about 10% and underestimates the backreflector absorptance by about the same fraction. 
